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The penetration of two antibiotics, ampicillin and ciprofloxacin, through biofilms developed in an in vitro
model system was investigated. The susceptibilities of biofilms and corresponding freely suspended bacteria to
killing by the antibiotics were also measured. Biofilms of Klebsiella pneumoniae were developed on microporous
membranes resting on agar nutrient medium. The susceptibilities of planktonic cultures and biofilms to 10
times the MIC were determined. Antibiotic penetration through biofilms was measured by assaying the
concentration of antibiotic that diffused through the biofilm to an overlying filter disk. Parallel experiments
were performed with a mutant K. pneumoniae strain in which -lactamase activity was eliminated. For wild-type
K. pneumoniae grown in suspension culture, ampicillin and ciprofloxacin MICs were 500 and 0.18 pg/ml,
respectively. The log reductions in the number of CFU of planktonic wild-type bacteria after 4 h of treatment
at 10 times the MIC were 4.43 = 0.33 and 4.14 + 0.33 for ampicillin and ciprofloxacin, respectively. Biofilms
of the same strain were much less susceptible, yielding log reductions in the number of CFU of —0.06 = 0.06
and 1.02 = 0.04 for ampicillin and ciprofloxacin, respectively, for the same treatment. The number of CFU in
the biofilms after 24 h of antibiotic exposure was not statistically different from the number after 4 h of
treatment. Ampicillin did not penetrate wild-type K. pneumoniae biofilms, whereas ciprofloxacin and a nonre-
active tracer (chloride ion) penetrated the biofilms quickly. The concentration of ciprofloxacin reached the
MIC throughout the biofilm within 20 min. Ampicillin penetrated biofilms formed by a 3-lactamase-deficient
mutant. However, the biofilms formed by this mutant were resistant to ampicillin treatment, exhibiting a
0.18 = 0.07 log reduction in the number of CFU after 4 h of exposure and a 1.64 = 0.33 log reduction in the
number of CFU after 24 h of exposure. Poor penetration contributed to wild-type biofilm resistance to
ampicillin but not to ciprofloxacin. The increased resistance of the wild-type strain to ciprofloxacin and the
mutant strain to ampicillin and ciprofloxacin could not be accounted for by antibiotic inactivation or slow
diffusion since these antibiotics fully penetrated the biofilms. These results suggest that some other resistance

mechanism is involved for both agents.

Bacterial biofilms are frequently observed on the surfaces of
tissues (12, 30, 31) and biomaterials (5, 10, 39, 42, 47) at the
site of persistent infections (8). Medical implants are particu-
larly susceptible to biofilm formation because immune re-
sponses are markedly reduced in the proximity of foreign bod-
ies (7, 42). In fact, biofilm formation is a major cause of
implant failure and often limits the lifetimes of many indwell-
ing medical devices (24). Once in the biofilm, extracellular
polymeric substances shield bacteria from opsonization and
phagocytosis (8, 23). In addition, in vitro experiments have
demonstrated that the bacteria in biofilms are considerably less
susceptible to antibiotics than their planktonic counterparts (3,
10, 14, 19, 28, 41). Treatment of an infection after the biofilm
is established is frequently futile with current remedies (8).
Often, the only solution is mechanical removal of the biofilm
or implant, which is costly and traumatic to the patient (8).

Two principal hypotheses have been formulated to explain
the reduced susceptibility of biofilms to antibiotics. The first
hypothesis, which could be termed penetration limitation, sug-
gests that only the surface layers of a biofilm are exposed to a
lethal dose of the antibiotic due to a reaction-diffusion barrier
that limits transport of the antibiotic into the biofilm (17, 19,
25, 26, 28, 34, 35, 38). This mechanism has been demonstrated
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for reactive oxygen species such as hypochlorite (11, 44) and
hydrogen peroxide (26). Synthesis of an antibiotic-degrading
enzyme, such as a B-lactamase enzyme (17, 28, 35), or sorption
of an antibiotic to biofilm components (25, 35) could also give
rise to such a situation. The transport properties of numerous
antibiotics, including ciprofloxacin (33, 40, 41), levofloxacin
(33), ofloxacin (33, 44, 46), sparfloxacin (33), gentamicin (25,
33, 45), imipenem (33), piperacillin (19, 33), and vancomycin
(10, 14), through biofilms have been examined. Some investi-
gators report retarded penetration of antibiotics (19, 25, 33),
while others indicate rapid penetration (10, 14, 25, 33, 40, 41).
The second hypothesis for reduced biofilm susceptibility, which
could be termed physiological limitation, proposes that some
microorganisms within the biofilm exist in a more recalcitrant
phenotypic state (6, 9, 34). The roles of various physiological
factors, such as growth rate (13, 15, 16), biofilm age (2), and
starvation (22, 27), have been examined. Gradients in the phys-
iological status of cells within biofilms have been demonstrated
recently (20, 21, 37, 43).

The objective of the work presented here was to evaluate the
significance of penetration limitation as a mechanism of bio-
film resistance to two antibiotics, ampicillin and ciprofloxacin.
The antibiotic susceptibilities of membrane-supported Kleb-
siella pneumoniae biofilms were compared to the susceptibili-
ties of corresponding planktonic cultures. Permeation of active
antibiotic through membrane-supported biofilms was tracked
by a novel bioassay technique. The role of transport limitation
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was assessed for the two antibiotics by comparing the suscep-
tibility and permeability data.

MATERIALS AND METHODS

Bacterial strains, media, and antimicrobials. Pure cultures of K. pneumoniae
Kp1 and Kp102M were used in the experiments. Kp1, an environmental isolate,
was obtained from the culture collection at the Center for Biofilm Engineering.
Kpl102M is a B-lactamase-deficient mutant isolated by nitrosoguanidine mu-
tagenesis of Kpl, followed by screening for ampicillin-sensitive mutants. Esche-
richia coli ATCC 25922 (provided by Barbara Hudson, Montana State Univer-
sity) served as the antibiotic-sensitive microorganism in antibiotic bioassays.

The culture medium for K. pneumoniae contained 6.25 g of anhydrous dex-
trose, 0.360 g of NH,Cl, 0.100 g of MgSO, - 7TH,0, 5.68 g of Na,HPO, (anhy-
drous), 5.44 g of KH,PO,, 250 l of trace elements (defined below), and 15.0 g
of Bacto Agar (Difco Laboratories, Detroit, Mich.) per liter of deionized water.
Glucose was dissolved in deionized water and was filter sterilized into the auto-
claved medium. The trace element solution contained 1.28 g of nitrilotriacetic
acid, 0.00896 g of molybdic acid, 0.9088 g of ZnSO, - 7H,0, 0.07296 g of MnSO, *
H,0, 0.01792 g of CuSO, - 5H,0, 0.00896 g of Na,B,0- - 10H,0, 0.0145 g of
Co(NOs3), - 6H,0, and 1.018 g of FeSO, + 7H,0 per liter of deionized water. The
culture broth was identical to the culture medium but lacked the Bacto Agar. The
chloride-free medium was analogous to the culture medium but contained 0.444
g of NH,SO, per liter in place of the ammonium chloride. Phosphate-buffered
water (PBW) was prepared as described elsewhere (1) and was used for culture
dilutions. E. coli was grown in Luria-Bertani (LB) broth (Difco Laboratories).
Ampicillin sodium salt was purchased from Sigma Chemical Company (St. Louis,
Mo.). The Bayer Corporation (Leverkusen, Germany) donated ciprofloxacin
hydrochloride powder. Powdered antibiotics were dissolved in sterile nanopure
water, and the antibiotic solutions were added to molten culture medium
(~50°C) to create antibiotic-amended agar for biofilm experiments or were
added to culture broth for planktonic experiments.

Biofilm preparation. Overnight planktonic cultures of K. pneumoniae were
diluted to an optical density (600 nm, 1-cm path length) of 0.200 in PBW. One
5-pl drop (for susceptibility experiments) or five 10-ul drops (for permeability
and antibiotic degradation studies) of diluted planktonic culture were used to
inoculate individual sterile, black, polycarbonate membrane filters (diameter, 25
mm; pore size, 0.2 pm; Poretics Corp., Livermore, Calif.) resting on agar culture
medium. The membranes were sterilized by UV exposure (15 min per side) prior
to inoculation. The plates were inverted and incubated at 35°C for 48 h, with the
membrane-supported biofilms transferred to fresh culture medium every 8 to
10 h.

Planktonic susceptibility. Overnight planktonic cultures of K. preumoniae
were diluted to an optical density (600 nm) of 0.200 with PBW. One milliliter of
diluted culture was used to inoculate 100 ml of culture broth for a final popu-
lation of ca. 10° CFU per ml. After removing the time-zero sample, 0.500 g of
ampicillin or 180 pg of ciprofloxacin, dissolved in sterile nanopure water, was
added to the subculture to attain antibiotic concentrations of 5,000 and 1.8
pg/ml, respectively. The culture was placed on a 35°C orbital shaker and was
sampled every 30 min for 4 h. The sampling procedure was as follows. A 1.5-ml
sample of the culture was pipetted into a 2.0-ml conical microcentrifuge tube
(Fisher Scientific, San Francisco, Calif.). The bacteria were pelleted at 10,000
rpm for 7.5 min at room temperature with a Microl4 microcentrifuge (Fisher
Scientific). The supernatant was removed with a pipette. The bacteria were
washed with 1.5 ml of PBW and were repelleted as described above, and the
supernatant was removed and discarded. The bacteria were suspended in 1.5 ml
of PBW and were then serially diluted in PBW. Viable bacteria were enumerated
as described below.

The MICs of ampicillin and ciprofloxacin for Kp1 and Kp102M were estimated
as follows. Aliquots of culture broth containing 5 X 10° CFU/ml were treated
with 50 to 700 pg of ampicillin per ml or 0.02 to 0.35 pg of ciprofloxacin per ml
and were incubated for 20 h at 35°C. The optical density was measured at 600 nm
with a Spectronic Genesys spectrophotometer (Spectronic Instruments, Inc.,
Rochester, N.Y.), and viable bacteria were quantified as described below. The
MIC was taken as the minimum antibiotic concentration at which no increase in
the number of viable bacteria after treatment was observed.

Biofilm susceptibility. The biofilms were transferred to antibiotic-containing
agar, and the agar plates were incubated at 35°C. The biofilms were sampled
every 30 min for 4 h and after 24 h. When sampled, each membrane-supported
biofilm was placed in 9.0 ml of PBW, and the mixture was vortexed at high speed
for 2.0 min with a Maxi Mix II Vortex mixer (Barnstead/Thermolyne, Dubuque,
Iowa) and then serially diluted in PBW. The viable bacteria were enumerated as
described below.

Viable bacteria enumeration and comparison. Serially diluted samples were
plated onto R2A agar (Difco Laboratories) by the drop plating method (18, 32),
and the plates were incubated at 35°C for 18 to 20 h. The change in the number
of CFU was normalized for each experiment by converting the measurements of
the number of viable bacteria to the log reduction of the number of CFU. The
log reduction of the number of CFU, or simply log reduction, at a particular
sampling time was defined as the negative log,, of the quotient of the number of
CFU at that time and the number of CFU prior to treatment. A positive log
reduction represents a decrease in the number of CFU. The log reduction values
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FIG. 1. Schematic depiction of the experimental system used to track the
penetration of antibiotics through the biofilms. The biofilm (A) was developed
on a 25-mm-diameter microporous polycarbonate membrane (D) resting on agar
culture medium. A 13-mm-diameter microporous polycarbonate membrane (C)
was placed on top of the biofilm. A moistened concentration disk (B) was placed
on top of the 13-mm-diameter membrane. The entire unit, components A
through D, was transferred to antibiotic-containing agar (E) with sterile forceps.

at each time point for identical experiments were averaged, and the standard
error of the mean was calculated. The mean log reductions for the various
experiments were compared by a two-tailed, two-sample ¢ test with the assump-
tion of unequal variances.

Antibiotic penetration. Black polycarbonate membrane filters (diameter, 13
mm; pore size, 0.2 pm; Poretics Corp.) were placed on top of 48-h-old K.
pneumoniae biofilms. A concentration disk (catalog no. 1599-33-6; Difco Labo-
ratories) was moistened with 24 .l of culture broth prior to placement on top of
the 13-mm-diameter membranes. Wetting of the disk helped prevent capillary
action of the antibiotic medium through the biofilm. The biofilm sandwiched
between membranes and the moistened disk was transferred to antibiotic-con-
taining agar culture medium (Fig. 1). The disk was removed after specified
exposure times, sealed in parafilm (American National Can, Chicago, Ill.), and
stored at 4°C. After collection of all samples, the disks were placed on Mueller-
Hinton (Difco Laboratories) plates spread with 100 wl of planktonic E. coli. The
E. coli strain was grown in LB broth at 35°C, and the growth was diluted with LB
broth to an optical density of 0.050 prior to plating. The plates were incubated at
35°C for 18 to 20 h. The zone of inhibited growth was measured and was used to
determine the concentration of active antibiotic in the disk. The effective bulk
agar antibiotic concentration was estimated by averaging the equilibrated con-
centration observed in disks placed on the two-membrane system, i.e., the unit
without the bacterial biofilm. The concentration that penetrated the biofilms was
divided by the bulk agar concentration to provide a normalized penetration
curve.

Chloride penetration. Black polycarbonate membrane filters (diameter, 13
mm; pore size, 0.2 pm; Poretics Corp.) were placed on top of 48-h-old K.
pneumoniae biofilms grown on chloride-free culture medium. Concentration
disks were moistened with 24 pl of chloride-free culture broth and were placed
on top of the 13-mm-diameter membranes. The entire units were transferred to
chloride-containing agar culture medium. The disks were removed after specified
exposure times and were placed in 1.0 ml of sterile nanopure water. The resulting
chloride concentration in the water was measured with a DX-500 ion chromato-
graph (Dionex, Sunnyvale, Calif.). The bulk agar chloride concentration was
estimated by averaging the equilibrated concentration observed in the disks
placed on the two-membrane system exposed to chloride-containing agar. The
concentration that penetrated the biofilms was divided by the bulk agar concen-
tration to provide a normalized penetration curve.

Antibiotic degradation. Antibiotic degradation by the bacteria within the bio-
films was examined qualitatively. Forty-eight-hour-old Kp1 and Kp102M biofilms
were placed on culture medium plates containing 500 pg of ampicillin per ml or
0.18 pg of ciprofloxacin per ml, and the plates were incubated at 35°C. After 24 h,
the biofilms were removed and the plates were spread with 100 .l of a planktonic
Kpl culture (~10% CFU/ml). The spread plates were incubated at 35°C for 48 h
and were then analyzed for zones of growth.

The rates of antibiotic degradation for Kpl and Kp102M were quantified in
planktonic cultures. Antibiotics were added to 100 ml of turbid overnight plank-
tonic cultures (~10° CFU/ml) for a final antibiotic concentration of 1,000 wg of
ampicillin per ml or 1.8 pg of ciprofloxacin per ml. A 1.5-ml sample from each
culture was taken every 30 min for 4 h and was placed in a 2.0-ml microcentrifuge
tube. The bacteria were pelleted at 7,000 X g for 7.5 min at room temperature.
A concentration disk was inoculated with 24 .l of the supernatant. The antibiotic
concentration was estimated by the zone-of-inhibition bioassay described above.
The natural log of the antibiotic concentration was plotted with respect to time.
An apparent first-order rate coefficient of antibiotic degradation was estimated
from least-squares linear regression of the data. Analysis of variance was used to
determine whether the estimated reaction rates were statistically different from
Zero.
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FIG. 2. Susceptibilities of planktonic cultures and biofilms to antibiotics as
the observed log reduction in the number of CFU after exposure to 5,000 pg of
ampicillin per ml (a and b) or 1.8 pg of ciprofloxacin per ml (c). (a and c)
Susceptibility of Kp1 to ampicillin and ciprofloxacin, respectively. (b) Ampicillin
treatment of Kp102M. m, untreated controls; B, antibiotic-challenged cultures.
Error bars reflect =1 standard error of the mean.

RESULTS

Antibiotic susceptibility. The observed MICs of ampicillin
for planktonic Kpl and Kp102M were 500 and 2 pg/ml, re-
spectively. The MIC of ciprofloxacin was 0.18 pg/ml for both
strains. Planktonic cultures and biofilms of both the wild-type
and mutant strains were challenged with 10 times the MIC of
each antibiotic for the wild-type strain: 5,000 wg/ml for ampi-
cillin and 1.8 pg/ml for ciprofloxacin. Planktonic bacteria were
rapidly killed by these treatments. The log reductions in the
number of CFU were 4.43 = 0.33 and 4.14 * 0.33 after 4 h of
ampicillin and ciprofloxacin treatment, respectively, for plank-
tonic wild-type bacteria (Fig. 2a and c). Planktonic cultures of
the B-lactamase-deficient mutant experienced a 4.62 = 0.20 log
reduction after exposure to 5,000 pg of ampicillin per ml for
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4 h (Fig. 2b). However, the number of CFU in biofilms chal-
lenged with ampicillin remained virtually unchanged after 4 h
of treatment. Kpl (Fig. 2a) and Kp102M (Fig. 2b) biofilms
exhibited —0.06 = 0.06 and 0.18 = 0.07 log reductions, respec-
tively. Both log reductions were statistically different from
those for the analogous planktonic treatments (P = 0.001 and
P = 0.030, respectively). The log reduction observed for Kpl
biofilms was not statistically different from that for the un-
treated control (P = 0.63). Challenge of Kpl biofilms with
ciprofloxacin for 4 h resulted in a 1.02 = 0.04 log reduction in
the number of CFU, a result statistically different (P = 0.011)
from that for the treated planktonic culture (Fig. 2c). The
response of Kp102M biofilms treated with ciprofloxacin for 4 h
was not statistically different from that of the wild type (P =
0.37) (data not shown).

Biofilms of the mutant strain retained their relative resis-
tance to ampicillin compared to that of a planktonic culture
after 24 h of treatment. Kp1 biofilms were unaffected by a 24-h
ampicillin treatment (log reduction, —0.05; Fig. 2a). Kp102M
biofilms exhibited a 1.64 = 0.33 log reduction in the number of
CFU after 24 h (Fig. 2b), which indicated that they were
statistically significantly less susceptible than planktonic cul-
tures treated for only 4 h (P = 0.016). A log reduction of
1.07 = 0.18 was observed for Kpl biofilms challenged with
ciprofloxacin for 24 h (Fig. 2¢). This reduction was statistically
different from that for 4-h planktonic treatment (P = 0.004).
Kp102M biofilms treated with ciprofloxacin for 24 h responded
the same as the wild-type bacteria (data not shown).

Antibiotic penetration. Chloride acted as a nonreactive
tracer, allowing visualization and qualitative comparison of
solute transport properties within Kp1l and Kp102M biofilms.
Chloride quickly penetrated biofilms of either strain with a
penetration profile characteristic of one described by Fick’s
second law (Fig. 3a). In less than 30 min, the chloride concen-
tration at the distal edges of biofilms of either strain was at
least 50% of the bulk concentration of 6.7 mM. The transport
dynamics of chloride were nearly identical for Kpl and
Kp102M biofilms.

The rate of penetration of ampicillin through Kpl and
Kp102M biofilms differed significantly (Fig. 3b). The concen-
tration of ampicillin in the concentration disks was below the
detection limit during the 4-h experiment for Kp1 biofilms. On
the other hand, ampicillin rapidly penetrated the B-lactamase-
deficient Kp102M biofilms. The ampicillin concentration ex-
ceeded 500 wg/ml, or 250 times the MIC for the mutant, at the
distal edge of the biofilm in less than 10 min. Within 40 min,
the ampicillin concentration was approximately 50% of the
bulk concentration, i.e., over 1,000 times the MIC for the
mutant. The sensitivity of the bioassay used in this study was
poor at ampicillin concentrations above 1,000 pg/ml, resulting
in the relatively large error bars.

Ciprofloxacin readily penetrated the biofilms of either strain
(Fig. 3c). In less than 20 min, the ciprofloxacin concentration at
the distal edge of the biofilm exceeded the MIC (1.8 pg/ml).
The ciprofloxacin concentration was roughly 50% of the bulk
concentration within 120 min. Ciprofloxacin permeation rates
were similar for both strains.

Antibiotic degradation. Degradation of the antibiotics by
Kpl and Kp102M biofilms was investigated qualitatively (Fig.
4). The control plates, not exposed to biofilms, demonstrated
that antibiotic instability was not sufficient to significantly de-
crease the antibiotic concentration in the plates and permit
growth. The zone of growth directly under the biofilm’s former
location on an ampicillin plate exposed to a Kp1 biofilm sug-
gested that the wild-type bacteria were capable of neutralizing
enough ampicillin to enable growth of a susceptible strain. The
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FIG. 3. Solute transport through the biofilms as the measured fraction of
bulk chloride (a), ampicillin (b), and ciprofloxacin (c) that penetrated Kp1 (@)
and Kp102M (O) biofilms. Error bars reflect +1 standard error of the mean. The
relatively large error bars in panel b were due to the poor sensitivity of the
bioassay above an ampicillin concentration of 1,000 pwg/ml. C, concentration on
distal edge of biofilm; C,, applied concentration.

lack of such a zone on the ampicillin plate exposed to a
Kp102M biofilm suggested that the mutant strain had little
capacity to degrade ampicillin. The experiment also indicated
that neither strain was capable of appreciably degrading cip-
rofloxacin.

The rate of antibiotic degradation measured in planktonic
cultures was consistent with the observations presented above.
The first-order degradation rate of ampicillin by planktonic
cultures with 10° CFU/ml was approximately 0.73 h™", a rate
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FIG. 4. Antibiotic depletion in agar plates. The plates in the left column
(Control) were not exposed to biofilms. The plates in the middle and right
columns were exposed to wild-type and mutant biofilms, respectively, placed in
the center of each plate for 24 h. The plates in the top row were agar culture
medium plates without antibiotics. The plates in the middle and bottom rows
contained 500 pg of ampicillin per ml and 0.18 pg of ciprofloxacin per ml,
respectively. All plates were spread with a lawn of Kp1 bacteria. A spot of growth
on the ampicillin-amended plate exposed to a Kpl biofilm (center plate) indi-
cated local neutralization of the ampicillin.

statistically different (P = 0.007) from zero (Fig. 5a). The rate
of ampicillin degradation by Kp102M cultures was not statis-
tically different (P = 0.655) from zero (Fig. 5b). Neither Kpl
(P = 0.992) nor Kp102M (P = 0.364) could degrade cipro-
floxacin at a rate statistically different from zero (data not
shown).

Mutant characteristics. Despite the nonspecific procedure
used to generate the B-lactamase-deficient mutant, Kp102M
appeared to behave much like Kp1 with the exception of am-
picillin-degrading activity. The MIC of ciprofloxacin was nearly
identical for both strains. Kp102M responded to ciprofloxacin
treatment in a manner statistically indistinguishable from that
for Kpl when in planktonic or biofilm state. The two strains
also had very similar properties for chloride and ciprofloxacin
penetration. In addition, the maximum growth rates of the two
organisms were within 20% of each other, with the mutant
having a slightly faster growth rate (data not shown). Further-
more, the structures and densities of Kpl and Kp102M bio-
films were virtually indistinguishable via microscopy (data not
shown).

DISCUSSION

The biofilms formed by wild-type K. pneumoniae resisted
killing by ampicillin and ciprofloxacin. This simple model sys-
tem, while surely an imperfect representation of a real biofilm,
does capture the characteristic antibiotic resistance of biofilm
bacteria. Membrane-supported biofilms are attractive as in
vitro systems for investigation of biofilm resistance because
many biofilm samples can be cultured in parallel with relative
ease. A particular advantage of this system is that it permits
physical access to both sides of the biofilm, a feature that
allowed us to directly measure the penetration of solutes
through the model biofilms. Although not intended to simulate
a particular disease, these colony biofilms might be considered
primitive models of some infections.

While ciprofloxacin and chloride ion readily penetrated the
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FIG. 5. Ampicillin degradation rate in planktonic cultures. Kp1 (@) cultures
that contained ~10° CFU/ml degraded ampicillin at a rate statistically different
from zero (a). The top series in panel a illustrates the degradation of ampicillin
with an initial concentration of 5,000 wg/ml. Least-squares linear regression
estimated a degradation rate of 0.63 h™! with a correlation coefficient (R?) of
0.967. The bottom series in panel a depicts degradation of ampicillin with an
initial concentration of 1,000 wg/ml. Linear least-squares regression predicted a
degradation rate of 0.83 h™! with a correlation coefficient (R?) of 0.922. The two
rates were averaged to provide an estimated ampicillin degradation rate of 0.73
h™! for Kpl. The ampicillin degradation rates for Kp102M cultures (O) and the
sterile control (V) were not statistically different from zero (b).

biofilm, ampicillin was unable to penetrate a wild-type K. pneu-
moniae biofilm in the 4-h treatment period (Fig. 3). This result
showed that the biofilm matrix did not pose an inherent barrier
to solute mobility, an interpretation that is consistent with
experimentally measured effective diffusion coefficients in bio-
films (36). We hypothesized that the failure of ampicillin to
penetrate biofilms was instead due to its deactivation in the
surface layers of the biofilm faster than it could diffuse in. This
reaction-diffusion mechanism of penetration limitation has
previously been mathematically modeled and has been exper-
imentally demonstrated for reactive oxidants such as hypochlo-
rous acid (11, 35, 38, 44) and hydrogen peroxide (26, 35, 38).

To further test the role of reactive neutralization in limiting
biofilm penetration of ampicillin, we isolated a B-lactamase-
deficient mutant of our wild-type K. pneumoniae strain. The
wild-type strain degraded ampicillin in a batch experiment
(Fig. 5a) at a statistically significant rate (P = 0.007). In the
same batch test with the mutant strain, there was no statisti-
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cally discernible degradation of ampicillin (P = 0.655) (Fig.
5b). Furthermore, in a qualitative visualization of the potential
of biofilms to deplete the ampicillin in agar medium, the wild-
type K. pneumoniae strain locally neutralized ampicillin,
whereas the mutant strain did not (Fig. 4). The wild-type and
B-lactamase-deficient mutant strains exhibited similar specific
growth rates, ciprofloxacin susceptibilities, and microscopic
biofilm structures, and the chloride and ciprofloxacin penetra-
tions were similar for both strains. These measurements and
observations suggest that the mutant strain was deficient in
B-lactamase activity or synthesis but was not otherwise altered
in any way that would significantly affect our experiments.

Ampicillin penetrated biofilms of the B-lactamase-deficient
mutant strain (Fig. 3b). Its penetration through biofilms of the
mutant strain was similar to the penetration of chloride ion
through biofilms of both the mutant and wild-type strains. The
restoration of ampicillin penetration by deletion of B-lacta-
mase activity supported the contention that penetration break-
down in the wild-type results from a reaction-diffusion inter-
action. This mechanism was further supported by the Thiele
modulus estimate of 6.7 for the ampicillin-challenged wild-type
biofilm. This value was calculated by using equation 20 of
Stewart (35), with values of 0.727/h for the first-order reaction
rate constant, 3.86 X 1071 m?/s for the effective diffusion
coefficient of ampicillin, and 0.465 mm for the biofilm thick-
ness. The Thiele modulus is a dimensionless parameter that
compares the relative rates of reaction and diffusion (4, 38).
When the Thiele modulus exceeds 1, the diffusion rate is
slower than the reaction rate and the system can be considered
transport limited. A Thiele modulus of 6.7 is sufficient to ac-
count for the observed magnitude of reduced biofilm suscep-
tibility according to mathematical analysis of the reaction-dif-
fusion-disinfection problem (38).

In contrast to the situation with ampicillin, transport limita-
tion probably played a very minor role in protecting the bio-
films from ciprofloxacin. The concentration of ciprofloxacin
reached the MIC throughout the biofilm in less than 20 min
and reached 50% of the bulk agar concentration within 2 h
(Fig. 3c). These measurements were consistent with literature
reports of relatively facile penetration of fluoroquinolone
agents into biofilms (25, 33, 40, 41). We attribute the ability of
ciprofloxacin to penetrate a biofilm to its low reactivity. En-
zymes that chemically deactivate fluoroquinolones, analogous
to the B-lactamases that cleave penicillins, have not been de-
scribed. Fluoroquinolones can be exported from the cell by
efflux pumps (29), but this would not be expected to change the
ability of the antibiotic to penetrate the biofilm.

In summary, antibiotics can fail to penetrate microbial bio-
films. The ability of an antibiotic to penetrate a biofilm de-
pends on the rate at which it is deactivated in the biofilm.
Agents that experience reactive neutralization in the biofilm
are prone to penetration failure. On the other hand, agents
that are not deactivated in the biofilm will penetrate a biofilm
in a matter of minutes or hours. Mathematical models of the
underlying reaction-diffusion interaction exist (28, 34, 35, 38)
and could be used as quantitative frameworks to test this
mechanism of antimicrobial resistance of biofilms with other
systems.

The data reported here provide evidence for a mechanism of
biofilm resistance other than incomplete antimicrobial pene-
tration. Ciprofloxacin penetrated biofilms within a few hours,
but bacteria were not killed even after 24 h of treatment (log
reduction, 1.07 £ 0.18). A biofilm formed by a B-lactamase-
deficient mutant was fully penetrated by ampicillin but, like-
wise, was not effectively killed. A planktonic B-lactamase-de-
ficient mutant K. pneumoniae strain exposed to ampicillin
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experienced a 4.62 = 0.20 log reduction in the number of CFU
within 4 h of treatment. Biofilms, on the other hand, were
reduced by only 1.64 = 0.33 log CFU after 24 h of antibiotic
exposure, even though the ampicillin concentration was over
1,000 times the MIC for the mutant for at least 23 of the 24 h.
Localized regions of slow growth or starvation within the bio-
film interior may be at the root of this resistance. Slowly grow-
ing or nongrowing bacteria are known to be less susceptible to
many antibiotics (13, 15, 16, 27). Spatial variation in the phys-
iological status of bacteria within biofilms has recently been
demonstrated by fluorescence staining approaches (20, 21, 37,
43). Membrane-supported biofilms of K. pneumoniae similar to
those used in this study also exhibit pronounced physiological
heterogeneity over distances as short as 10 wm (20, 43). On-
going studies in our laboratory are using the membrane-
supported biofilm model system to investigate the role of
nutrient-limited physiology in mediating K. prneumoniae bio-
film resistance to ampicillin and ciprofloxacin.
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